Fasciclin II (Fas II), an NCAM-like cell adhesion molecule in Drosophila, is expressed on a subset of embryonic axons and controls selective axon fasciculation. Fas II is also expressed in imaginal discs. Here we use genetic analysis to show that Fas II is required for the control of proneural gene expression. Clusters of cells in the eyeantennal imaginal disc express the achaete proneural gene and give rise to mechanosensory neurons; other clusters of cells express the atonal gene and give rise to ocellar photoreceptor neurons. In fasII loss-of-function mutants, the expression ofboth proneural genes is absent in certain locations, and, as a result, the corresponding sensory precursors fail to develop. In fasII gain-of-function conditions, extra sensory structures arise from this same region of the imaginal disc. Mutations in the Abelson tyrosine kinase gene show dominant interactions withfasII mutations, suggesting that Abl and Fas II function in a signaling pathway that controls proneural gene expression.
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Proneural genes of the achaete-scute complex such as achaete (ac) and scute (sc) and the atonal (ato) gene control development of neural precursor cells in Drosophila (e.g., for reviews see refs. [1] [2] [3] [4] . The proneural genes are typically expressed in clusters of cells (proneural clusters), which become neuralized-that is, they acquire the capacity to generate neurons. A lateral inhibition mechanism controlled by neurogenic genes such as Notch assures that typically only one cell from within each proneural cluster becomes a neural precursor [a neuroblast in the central nervous system or a sensory organ precursor (SOP) in the peripheral nervous system] (e.g., for reviews see refs. [5] [6] [7] .
Much is known about the mechanisms leading from proneural gene activity to formation of individual neural precursor cells and their subsequent differentiation. However, less is known about the mechanisms controlling the patterned expression of proneural genes, which underlie the formation of proneural clusters. Axis-patterning genes can control the expression of proneural genes in the embryo and possibly in imaginal discs. But it is likely that other kinds of regional or local cell interaction mechanisms are involved or might be interposed downstream of axis-patterning genes to regulate the induction of proneural gene expression.
In the present study, we show that fasciclin II (Fas II) regulates proneural gene expression. Fas II is a member of the immunoglobulin superfamily, is related to vertebrate neural cell-adhesion molecule (NCAM) (8) in both structure and sequence, and can mediate homophilic cell aggregation in vitro (9) (10) (11) . Analysis in Drosophila of both loss-of-function and gain-of-function conditions (11) (12) (13) shows that Fas II functions as a neuronal recognition molecule to control selective patterns of axon fasciculation.
Here we use genetic analysis to define another function for Fas II in the regulation of proneural gene expression. In fasII loss-of-function mutants, the expression of two proneural genes-achaete and atonal-is absent in certain regions in the eye-antennal imaginal disc, and, as a result, the corresponding sensory precursors fail to develop and the sensory structures they normally generate are missing on the head. In fasII gain-of-function conditions, extra sensory structures are seen in this same region of the head. These complementary lossof-function and gain-of-function phenotypes show that Fas II is required for induction of proneural gene expression in certain locations of the eye-antennal imaginal disc.
MATERIALS AND METHODS
Genetics. The generation and characterization offasII mutant alleles have been described (11, 13) . In brief, protein null mutations in thefasIIgene (e.g.,fasIIeBll2) are lethal, while one viable hypomorphic (partial loss-of-function) allele (fasIIe76) produces -10% of normal Fas II protein (11) . Generation of the different GAL4 enhancer trap lines and the upstream activating sequence (UAS)-fasII reporter construct used here have been described (13) . Other mutations and chromosomes have been described (14) . Gynander individuals were obtained from the cross y fasIIeBl12/FM7c x R(1)2/y+y raised at 25°C.
Gynander individuals showing mosaic territories in the head and/or thorax were fixed in 70% ethanol/glycerol (3:1) for several days. Soft tissue was removed by boiling the head and thorax in 10% KOH for 10 min, and the resulting cuticle was washed and dehydrated in an ethanol/xylene series before mounting in Permount. For antibody staining, fasII hypomorphic females were generated in the following crosses raised at 17°C: fasIIeB1l2/ FM7c X fasIIe76 for anti-Atonal, fasIIeBl12/A31 X fasIP76 for anti-Achaete, and fasIIeB1l2/FM4; A101/TM6B X fasIP76 for anti-13-galactosidase. We avoided a first chromosome balancer that carries In(1)sc8 to prevent perturbation of Achaete expression in control individuals carrying this balancer. The A31 enhancer trap line contains a P-element insertion in the fasII gene, which does not cause a mutant phenotype (11); theA101 enhancer trap line contains a P-element insertion in the neuralized gene (15, 16 (Fig. 1A) . Ocelli are generated from the eye-antennal imaginal discs, which give rise to the dorsal and lateral adult head epidermis and sensory structures. Adult flies also have bristles, each of which contains a mechanosensory neuron, on their heads. The bristles of the dorsal head, including postvertical (PVT), OC, vertical (VT), and orbital (OR) bristles, also arise from the eye imaginal disc from a region close to where the ocelli arise. In the late third-instar eye-antennal disc, Fas II is expressed throughout the disc with peaks at the morphogenetic furrow, on differentiating photoreceptors, and in the prospective area where the ocelli and associated bristles develop (data not shown).
The heads of adult flies homozygous for the hypomorphic fasII allele (fasIIe76/fasIIe76) often appear wild type, although one or both PVT bristles can be missing (Table 1; Fig. 1B ). The stronger allelic combination fasIIe76/fasIIeBJJ2 shows stronger phenotypes in which the PVT, OC, and VT bristles are usually missing; the ocelli are sometimes missing, and the compound eyes have a rough appearance. Raising these mutants at 170C rather than at 25°C strongly enhances the penetrance and expressivity of these phenotypes: fasIIe76/fasIIe76 individuals now lack both PVT bristles, while fasIIe76/fasIIeBJ12 individuals show a much more penetrant phenotype of missing ocelli (Fig.  1C) . At both temperatures, the OR bristles develop normally (Table 1) . A series of these same phenotypes (missing bristles, missing ocelli, and rough eyes) ranging from wild type to severe are observed in fasII null mutants (fasIIeBJ12) that have been rescued from lethality either by afasII transgene (fasIITm31.2) or by combining certain GAL4 enhancer trap lines (Bi 19, E35, G13) with a UAS-fasII reporter (13) (Fig. 1D) .
To study the phenotype of the null condition offasII in the adult, we generated mosaic individuals by the loss of a ring X Border between the fasII null mutant male territory (yat left) and wild-type fasII female territory (y+ at right) is demarcated by black and white arrows. In the male fasII-territory, all bristles and ocelli on the dorsal surface are absent, but neighboring OR bristles (two black arrows) near the-compound eye are present. Note that the epidermis in the male faslI-epidermal territory appears normal, as does the boundary between the mutant and wild-type territories.
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The absence of sensory organs in fasII loss-of-function mutants could result from the absence of the SOP cells; alternatively, the SOP might appear but fail to generate the appropriate progeny. To distinguish between these alternatives, we used the lacZ enhancer trap line A101 (in the neuralized gene), which labels all SOP cells (15, 16) . In wild-type flies carrying AJOl, f3-galactosidase is expressed in the SOPs for all of the bristles and the differentiating ocelli and retina soon before and after puparium formation ( Fig. 2A) . However, in fasIIe76/fasIIeBll2 flies carrying Al01, we do not detect f3-galactosidase expression in SOP cells in the prospective dorsal head epithelium (Fig. 2B) , consistent with a failure of these SOP cells to be specified in fasII mutants. 13-Galactosidase expression is also absent from the prospective ocelli, and there is a general reduction in its levels in the retina compared to wild type.
To investigate why SOPs and OC precursor cells are missing in fasII mutants, we examined the expression of both the Achaete and Atonal proteins. In Drosophila, achaete is one of the proneural genes for bristles, whereas atonal is the proneural gene for photoreceptors (18) . In late third-instar larvae, the Achaete protein is expressed in the eye-antennal imaginal disc in three proneural clusters near the prospective OC region corresponding to the OR, OC, and PVT bristles ( Fig. 2C ; according to the fate map in ref. 19) . The Atonal protein is expressed in two clusters of cells in the epithelial region from which the ocelli develop (one cluster for the lateral ocellus and the other for half of the median ocellus; Fig. 2E ). fasIIe76/ fasIIeBJ12 mutant eye-antennal imaginal discs at 17°C lack both Achaete-expressing OC and PVT proneural clusters (Fig. 2D) and Atonal-expressing OC proneural clusters (Fig. 2F) Proc. Natl. Acad. Sci. USA 92 (1995) expression of Achaete in the OR proneural cluster is not affected (Fig. 2D) . The larval imaginal disc epithelium looks normal. Moreover, Engrailed expression, which is normally present in the OC region, is present infasII mutants, suggesting an overall correct specification of this region (data not shown).
Analysis offasII Gain-of-Function Conditions. Fas II was overexpressed in the eye-antennal disc using a variety of GAL4 enhancer trap lines and a UAS-fasIIreporter transgene (Alli, C109, and D45; ref. 13) . In these fasII gain-of-function conditions, we observed extra bristles in the vicinity of the PVT bristles (Fig. 1E) . Several epidermal cells are present between these bristles, suggesting that the extra bristles did not arise from the same sensory organ precursor cell. In these experiments, we also observed extra bristles in other regions of the adult fly, including, for example, extra Scutellar bristles in the thorax. Thus, this gain-of-function phenotype suggests that Fas II is sufficient to increase proneural gene activity.
Genetic Interactions Between fasII and abl. The results described above are consistent with Fas II regulating the regional induction of proneural gene expression by a local cell signaling function. CAM-mediated signal transduction has been shown in the ability of NCAM to promote neurite outgrowth (20) 
DISCUSSION
Fas II is expressed in a dynamic fashion throughout the third-instar eye-antennal disc, where it preferentially controls expression of the proneural genes achaete and atonal in certain regions. In fasII loss-of-function mutations, the expression of both proneural genes is absent in certain locations, and, as a result, the corresponding sensory precursors fail to develop, and the sensory structures they generate are absent from the adult head. In fasII gain-of-function conditions, extra sensory structures are seen in this same region of the adult head. Thus, Fas II appears to control induction of proneural gene expression in the eye-antennal imaginal disc. Moreover, our results suggest that Fas II controls proneural gene expression by functioning in a signal transduction pathway that includes the Abelson tyrosine kinase.
Different proneural clusters are more sensitive than others to the loss of Fas II expression. Although Fas II controls the induction of proneural gene expression in certain regions, it may be that other cell surface molecules, either alone or in combination with one another, might regulate induction of proneural gene expression in other regions.
Previous studies in Xenopus have shown that NCAM is an early marker of neural induction (e.g., see ref. 23 ) and that the putative proneural XASH gene can promote NCAM expression (24) . In Drosophila embryos, Fas II expression is also downstream from proneural genes, being expressed by subsets of central nervous system neurons (11) . However, here we have shown that Fas II is also required prior to the appearance of sensory neurons in the epithelium for induction of proneural gene expression. It is possible that early expression of NCAM or other CAMs in vertebrates might function in a similar fashion.
